The cellular proteolytic machinery orchestrates protein turnover and regulates several key biological processes. This study addresses the roles of Lon, a major ATP-dependent protease, in modulating the responses of Escherichia coli strain MG1655 to low and high amounts of sodium salicyclate (NaSal), a widely used clinically relevant analgesic. NaSal affects several bacterial responses, including growth and resistance to multiple antibiotics. The loss of lon reduces growth in response to high, but not low, amounts of NaSal. From amongst a panel of Lon substrates, MarA was identified to be the downstream target of Lon. Thus, stabilization of MarA in the absence of lon lowers growth of the strain in the presence of higher amounts of NaSal. The steady-state transcript levels of marA and its target genes, acrA, acrB and tolC, are higher in the Dlon strain compared with the WT strain. Consequently, the resistance to antibiotics, e.g. tetracycline and nalidixic acid, is enhanced in Dlon in a marA-dependent manner. Furthermore, the target genes of MarA, i.e. acrB and tolC, are responsible for NaSal-mediated antibiotic resistance. Studies using atomic force microscopy demonstrated that ciprofloxacin led to greater cell filamentation, which is lower in the Dlon strain due to higher levels of MarA. Overall, this study delineates the roles of Lon protease, its substrate MarA and downstream targets of MarA, e.g. acrB and tolC, during NaSal-mediated growth reduction and antibiotic resistance. The implications of these observations in the adaptation of E. coli under different environmental conditions are discussed.
INTRODUCTION
Cellular protein degradation is crucial for homeostasis as it orchestrates protein turnover by destruction of misfolded, unstable and abnormal proteins. This process has two main stages: (i) an ATP-dependent stage mediated by Lon and Clp proteases in prokaryotes and the 26S proteasome in eukaryotes, and (ii) an ATP-independent stage mediated by various peptidases. The ATP-dependent proteases recognize target proteins and cleave them into smaller peptides. These enzymes comprise the AAA (ATPase family associated with diverse cellular activities) domain that is important for unfolding target proteins.
Subsequently, unfolded proteins enter a barrel-shaped proteolytic chamber, an architecture conserved throughout prokaryotes, archaea and eukaryotes, where the peptide bond is hydrolysed in an ATP-independent manner. The smaller peptides released are broken down by ATP-independent peptidases into free amino acids that are recycled into the cellular pool (Nandi et al., 2006) .
In prokaryotes, major cellular protein degradation functions are performed by Clp and Lon proteases. Clp proteases are responsible for regulating many cellular processes in bacteria via degradation of several transcription factors (Brötz-Oesterhelt & Sass, 2014; Chandu & Nandi, 2004) . The Lon protease was first discovered in Escherichia coli in 1981 (Swamy & Goldberg, 1981) . It is involved in the regulation of various biological processes and plays an important role in protein quality control (Chandu & Nandi, 2004; Gur, 2013 Aertsen, 2009). Lon is not essential for viability; nevertheless, lon mutants display pleiotropic phenotypes, such as an increase in mucoidy (Torres-Cabassa & Gottesman, 1987) , elongated cells (Schoemaker et al., 1984) and the accumulation of abnormal proteins (Maurizi et al., 1985) . A unique feature of Lon is its ability to maintain genome stability by regulating genome rearrangements and transposition frequency (Nicoloff et al., 2007) . Lon contains three domains: the N-terminal domain for substrate recognition and binding (Ebel et al., 1999) , the central ATPase domain containing the ATP-binding motif (Fischer & Glockshuber, 1994) , and the C-terminal domain containing the Ser-Lys catalytic dyad forming the proteolytic site (Amerik et al., 1991) . Archeal Lon proteases lack the N-terminal region but contain a transmembrane region to bind the membrane . Structural studies on Lon confirmed its existence as a hexamer (Park et al., 2006) and the activity of the isolated P (proteolytic) domain is based on a Ser-Lys dyad. The substrate polypeptide is oriented in the active site to allow a nucleophilic attack by the serine hydroxyl group of the Ser-Lys dyad . Although crystal structures for the N-terminal and a part of the ATPase subdomain are available, the structure of full-length Lon is still missing.
Sodium salicylate (NaSal) belongs to the family of nonsteroidal anti-inflammatory drugs and is the active component of aspirin, a very widely used analgesic. It is produced by plants as a defence hormone and is known to cause different effects, including xenobiotic stress in bacteria (Price et al., 2000) . Salicylate modulates several genes in bacteria (Pomposiello et al., 2001) and reduces bacterial motility (Kunin et al., 1995) . Perhaps the most well-studied effect of salicylate is its ability to induce an intrinsic multiple antibiotic resistance (Mar phenotype) in several bacterial species. NaSal binds to the transcription repressor MarR and inactivates it leading to derepression of the marRAB operon. This leads to increased production of MarA, a transcription factor, which modulates outer membrane proteins and helps in efflux of antibiotics from the cell by inducing the production of the AcrAB-TolC pump (Cohen et al., 1993; Okusu et al., 1996; Price et al., 2000) . MarA belongs to the AraC/Xyls family of transcription regulators, which includes SoxS and Rob. MarA, SoxS and Rob can bind to the same proteinbinding site, designated the marbox, and are induced following chemical activation by salicylate (MarA), oxidative agents (SoxS) or bile salts and fatty acids (Rob) (Duval & Lister, 2013) .
The objective of the present study was to identify the key players involved in NaSal-mediated responses in E. coli, in particular the roles of ATP-dependent proteases, using genetic and functional approaches. The results of our studies with high (2 mM) and low (0.5 mM) doses of NaSal helped uncover the involvement of Lon and its substrate MarA as key players during NaSal-mediated responses in E. coli.
METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . All cultures were grown in Luria-Bertani (LB) medium consisting of 10 g tryptone l -1 (HiMedia), 10 g NaCl l -1 (Merck) and 5 g yeast extract l -1 (HiMedia) at 37 uC, except for strains containing pKD46 which were grown at 30 uC, with constant shaking at 160 r.p.m. Single-colony cultures grown for 8 h served as pre-inoculum cultures for all experiments. Antibiotics were used at 100 mg ampicillin ml 21 , 30 mg chloramphenicol ml 21 and 50 mg kanamycin ml 21 (HiMedia). NaSal was used at 2 mM concentration for stress assays added twice, at 0 and 3 h of liquid growth. Arabinose (HiMedia) was used at 200 mg ml 21 for induction of phage l Red recombinase by pKD46.
Generation of single-and double-knockout strains. Knockout strains obtained from the Yale Coli Genetic Stock Centre are indicated in Table 1 . The lon : : cat single knockout was constructed as described previously (Datsenko & Wanner, 2000) . Briefly, E. coli strain MG1655 obtained from the Coli Genetic Stock Centre was transformed with pKD46. Primers were designed for amplification of the cat gene from pKD3 having 40 nt flanking regions of the lon gene. The cat gene was amplified by PCR, purified and electroporated into WT cells containing pKD46, induced with arabinose, to replace the lon gene. Different double knockouts were generated by amplifying the region flanking the gene from its single-knockout strain and electroporating the amplicon into Dlon cells containing pKD46. All knockouts were confirmed by PCR amplification using primers designed to anneal *100 bp upstream and downstream of the gene (Table S1 , available in the online Supplementary Material).
Stress assays. Bacteria were spotted on solid LB agar or grown in liquid cultures in the presence or absence of 2 mM NaSal (Sigma) or as indicated in the figures. Growth was monitored visually on plates and by measuring the OD 600 of liquid cultures.
MIC determination. The MIC values were determined by Etests using Ezy MIC strips (HiMedia) according to the manufacturer's recommendations. Briefly, a single bacterial strain was plated on an LB agar plate containing 0, 0.5 or 2 mM NaSal. The plates containing a pre-coated strip of a particular antibiotic in a gradient of concentrations were incubated at 37 uC for 18 h. The MIC was read as the point on the strip at which the zone of clearance coincided.
Semiquantitative reverse transcription (RT)-PCR. RNA was isolated from the WT and Dlon strains grown in the presence or absence of either 0.5 or 2 mM NaSal at 2 and 6 h time points using the hot phenol method. Briefly, cells were pelleted and lysed, and the lysate was added to acidified phenol at 65 uC for 5 min with inverted mixing after every 1 min. After centrifugation at 5000 g, the supernatant was collected followed by phenol/chloroform extraction and 2-propanol precipitation. The pellet obtained after precipitation was dissolved in RNase-free water and the RNA levels were quantified using a Nano-Drop spectrophotometer (Thermo Scientific) followed by DNase treatment. After DNase inactivation, the RNA was reverse transcribed to cDNA using RevertAid (Thermo Scientific). DNA contamination was tested by PCR amplification of rrnC of DNase-treated RNA samples. The cDNA was diluted 1 : 10 and fractionated on an agarose gel. Expression levels of marA, acrA, acrB and tolC were quantified using Multi Gauge version 3 (Fujifilm), and plotted as relative fold change keeping rrnC values as control.
Atomic force microscopy (AFM) imaging. Bacterial cultures were grown for 6 h at 37 uC, under different conditions, after which they were centrifuged at 8000 r.p.m. for 5 min. The cell pellets were washed three times with sterile MilliQ water to remove any residual media components. The OD 600 was then set to 0.2 and 100 ml cell suspension was added onto a poly-L-lysine coated glass coverslip. The samples were then air-dried at room temperature in a laminar flow hood for 1 h. The non-adherent bacteria were removed by washing the coverslips once with MilliQ water. These were again air-dried for 1 h. The coverslips were then fixed onto a magnetic stub using double-sided carbon tape and transferred to the AFM stage for imaging. All AFM measurements were performed using an NX-10 atomic force microscope (Park Systems) . A high-force-constant (*40 N m 21 ) silicon AFM probe tip (Acta; Park Systems) was used with a resonating frequency of 300 kHz. The AFM instrument was operated in the noncontact mode. The cantilever was 125 mm in length, 35 mm in width and 4.5 mm in thickness. The tip shape was pyramidal with the tip radius being v10 mm.
Statistical analysis. For analysing bacterial growth, one-way ANOVA was performed; for comparison of steady-state RT-PCR quantification, two-way ANOVA was performed.
RESULTS

E. coli Dlon is highly susceptible to NaSal-induced growth reduction
Our earlier observation that NaSal-induced growth reduction can be relieved by loss of PepN, an abundant ATP-independent peptidase (Bhosale et al., 2013; Chandu & Nandi, 2003) , prompted us to examine the possible roles of the ATP-dependent proteases Clp and Lon with NaSal. For this purpose, single knockouts of lon and clpP were obtained, confirmed by PCR ( Fig. S1 ) and grown on different concentrations of NaSal. No differences in growth were observed in LB amongst the three strains; however, in the presence of 2-3 mM NaSal, a significant decrease in growth was observed in the case of the Dlon strain compared with the WT or DclpP strain ( Fig. 1 ). To determine if this was a strain-specific effect, Dlon and lon + strains in the MC4100 background were grown in the absence or presence of NaSal ( Fig. S2 ). Similar to our results with the MG1655 background, the MC4100 Dlon strain was also susceptible to 2 mM NaSal. Therefore, Lon, but not ClpP, plays an important role in NaSalinduced growth reduction.
MarA, a substrate of Lon, is involved in NaSal-induced growth reduction
The results presented above suggested the possibility that the absence of Lon may lead to the accumulation of one or more of the substrate proteins, resulting in the Dlon strain becoming susceptible to NaSal-induced growth reduction ( Fig. S3a) . To identify which proteins may cause this effect, strains carrying single knockouts of some of the well-known Lon substrates, i.e. marA, rcsA, stpA, sulA and umuD, were acquired. Subsequently, the lon locus was deleted in these strains, generating double knockouts (Fig. S3b) . These strains were grown in the absence and presence of NaSal. As shown in Fig. 2(a) , the growth of most of the single-and double-knockout strains was similar to the WT and Dlon strains, respectively, in the presence of NaSal. However, the DlonDmarA strain showed (2000) pKD3 Chloramphenicol resistance Datsenko & Wanner (2000) a rescue of growth, indicating that the absence of marA significantly abolished the growth defect of the Dlon strain in the presence of 2 mM NaSal (Fig. 2b ).
MarA is a transcription factor that regulates the expression of several chromosomal genes (Barbosa & Levy, 2000) . In the presence of NaSal, marA transcription is induced, and MarA subsequently upregulates the expression of acrA, acrB and tolC, which can lead to the formation of the AcrAB-TolC antibiotic efflux pump (Cohen et al., 1993) .
To determine the transcript levels of marA and its target genes, acrA, acrB and tolC expression levels were quantified in the presence or absence of 2 mM NaSal by semiquantitative RT-PCR (Fig. 3) . The transcript levels of marA were inherently higher in the Dlon strain and further increased in the presence of NaSal. The significant upregulation of acrA, acrB and tolC in the Dlon strain and the rescue of growth of the DlonDmarA double mutant in the presence of 2 mM NaSal were most likely related to the stabilization of MarA in Dlon cells and its induction by NaSal.
E. coli lacking lon is resistant to antibiotics in the presence of 0.5 mM NaSal
One of the hallmarks of MarA is its ability to confer resistance to multiple antibiotics in the presence of low amounts of NaSal (Cohen et al., 1993) . The enhanced expression of the marA-induced target genes acrA, acrB and tolC in the absence of NaSal in the Dlon strain described above suggested the possibility that the absence of Lon could Neat 10 -1 10 -2 10 -3 10 -4 10 -5 Neat 10 -1 10 -2 10 -3 10 -4 10 -5 Neat 10 -1 10 -2 10 -3 10 -4 10 -5 Neat 10 -1 10 -2 10 -3 10 -4 10 -5
Δlon ΔclpP WT Δlon ΔclpP result in enhanced resistance to antibiotics. Initially, growth analysis of the WT, Dlon, DmarA and DlonDmarA strains was performed in the presence of lower NaSal concentrations, i.e. 0.5 mM NaSal. No growth defects were observed in these strains in the presence of 0.5 mM NaSal (Fig. 4a ). To confirm induction of marA by a low dose of 0.5 mM NaSal, expression levels of marA and its target genes acrA, acrB and tolC were quantified in the presence or absence of 0.5 mM NaSal (Fig. 4b ). As observed earlier in Fig. 3 , the Dlon strain had inherently high levels of marA, acrA, acrB and tolC, indicating that MarA was stabilized in these cells. In the presence of 0.5 mM NaSal, a modest increase in marA levels was observed, and the corresponding increase in acrA and acrB levels was significantly high at later time points.
Next, the MIC values (Table 2) of the WT, Dlon, DmarA and DlonDmarA strains were quantified with four different antibiotics (amoxicillin plus clavulanic acid, ciprofloxacin, nalidixic acid and tetracycline). In LB, the Dlon strain had higher MIC values compared with the other strains with nalidixic acid and tetracycline. The addition of 0.5 mM NaSal increased the MIC values slightly in Neat 10 -1 10 -2 10 -3 10 -4 10 -5 2 mM NaSal Neat 10 -1 10 -2 10 -3 10 -4 10 -5 Fig. 2 . The E. coli strain lacking both lon and marA is more resistant to a high dose of NaSal-induced growth reduction. the WT strain. Compared with the WT strain, the MIC values of the Dlon strain increased with three antibiotics: ciprofloxacin (1.5-fold), nalidixic acid (2-fold) and tetracycline (3.5-fold). The combination of amoxicillin and clavulanic acid served as a control for plasmid-acquired antibiotic resistance. In the presence of clavulanic acid, which is an inhibitor of b-lactamase, the MIC of amoxicillin (a b-lactam antibiotic) increased with addition of NaSal in the WT and Dlon strains. In the DmarA and DlonDmarA strains, no increase in MIC values was observed. In the presence of 2 mM NaSal, the WT strain displayed slightly higher MICs with the three antibiotics. The modest increase in MICs shown by the Dlon strain with nalidixic acid and tetracycline was not observed in the DlonDmarA double mutant. These observations are consistent with the role of MarA as the target of both Lon and NaSal, the former having a negative effect and the latter a positive effect. MarA targets acrB and tolC contribute to NaSal-mediated antibiotic resistance
MarA is known to modulate several genes, including acrA, acrB, tolC, ompC and ompF (downregulated via micF) (Cohen et al., 1989; Okusu et al., 1996) . To determine whether any of these genes contributed to NaSal-induced stress in the Dlon strain, growth of the different mutants was monitored. In the presence of 2 mM NaSal, the growth of Dlon and DtolC strains was greatly reduced (Fig. S4 ). The growth of most of the double knockouts on LB was unaffected, with the exception of the DlonDtolC strain. In the presence of 0.5 and 2 mM NaSal, the growth of most of the double knockouts was similar to that of the Dlon strain, except for the DlonDtolC strain that displayed a greater growth defect. Therefore, none of these genes alone was found to be responsible for the susceptibility of the Dlon strain to NaSal-induced stress, except for tolC, loss of which aggravated the susceptibility of the Dlon strain to NaSal.
To investigate the functional relevance of the MarA target genes during antibiotic resistance, MIC values for different strains were quantified. As observed earlier (Table 2) , the Dlon strain showed a higher resistance to nalidixic acid and tetracycline, as compared with the other strains ( Table 3 ). The MIC values for DacrB, DtolC, DlonDacrB and DlonDtolC strains were *3.33-5 times lower for ciprofloxicin and 2.7 times lower for nalidixic acid, as compared with the WT. In the presence of 0.5 mM NaSal, a slight increase in MIC values of the WT and Dlon strains was observed which was absent in the other four strains. Further addition of 2 mM NaSal did not increase the MIC values. These results confirmed the roles of AcrB and TolC in rendering the Dlon strain resistant to antibiotics.
Morphological changes brought about by ciprofloxacin are reduced in the Dlon strain in a marA-dependent manner
To gain better insights into the effects of NaSal in modulating the morphology of bacteria, we utilized ciprofloxacin (a DNA gyrase inhibitor) which induces cellular filamentation (Kicia et al., 2012) . Initial studies were performed to observe the effects of 0.01 mg ciprofloxacin ml 21 on the growth of the four strains, i.e. the WT, Dlon, DmarA and DlonDmarA strains. As shown earlier (Figs 2b and 4a) , 
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there was no effect on the growth of the four strains in LB in the presence of 0.5 mM NaSal (Fig. 5a ). However, the growth of Dlon was significantly reduced with 2 mM NaSal. In the presence of ciprofloxacin, reduction in growth was observed in the WT strain. The growth of DmarA was severely affected; however, Dlon was resistant to the growth reduction. Interestingly, the growth of DlonDmarA was higher compared with DmarA in the presence of ciprofloxacin. Upon addition of 0.5 mM NaSal and ciprofloxacin, there was an increase in growth of all strains, particularly DmarA. In the presence of 2 mM NaSal and ciprofloxacin, the growth further increased in the WT, DmarA and DlonDmarA strains. However, a slight reduction in the growth of the Dlon strain was observed.
As exposure to ciprofloxacin and/or NaSal resulted in prominent differences in growth from the early exponential phase, cells cultured up to 6 h were chosen for morphological studies using AFM (Fig. 5b) . The treatment of cells with NaSal did not show any changes in cellular morphology. Ciprofloxacin treatment alone rendered the WT, DmarA and DlonDmarA cells elongated (Table 4 ). However, this effect was greatly reduced in Dlon cells. The addition of 0.5 mM NaSal rescued the ciprofloxacin-induced elongation in the WT and DlonDmarA but not in DmarA cells. With 2 mM NaSal, the ciprofloxacin-induced elongation was completely rescued in the WT and DlonDmarA cells with partial rescue in DmarA cells. These results were consistent with the Mar phenotype exhibited by Dlon cells. Overall, the images displayed the morphological alterations in E. coli treated with ciprofloxacin, and confirmed the roles of Lon and MarA in this process.
DISCUSSION
Bacteria employ a plethora of strategies for surviving and adapting to stress. Generally, environmental cues lead to alterations in gene expression that aid in adapting to stress conditions. Proteases are crucial in surviving and adapting to these changes as they regulate several cellular processes. Genome-wide transcription profiling of E. coli exposed to 5 mM salicylate for 45 min indicates modulation of several genes (Pomposiello et al., 2001) . Some of the modulated transcripts include global stress response regulators, e.g. rpoS and rpoE. Although no significant modulation of lon and clpP transcripts was observed during NaSal exposure (Pomposiello et al., 2001) , the present study demonstrates that Lon protease is important for the growth of E. coli in the presence of high amounts (2 mM) of NaSal. Initial experiments were designed to identify the genes involved under these conditions. The identification of MarA, which is involved in antibiotic resistance, led us to use a lower dose of NaSal which does not affect growth. Our results demonstrate that the stabilization of MarA in the Dlon strain is a key mediator of NaSal-induced responses. Higher amounts of MarA, but not the AcrAB-TolC efflux pump, reduce the growth of the Dlon strain under high NaSal concentrations. However, both MarA and the AcrAB-TolC efflux pump are involved in antibiotic resistance under low and high doses of NaSal (Fig. 6) .
The relationship between MarA and NaSal was studied previously. MarA is a transcription factor known to regulate several chromosomal genes and belongs to the mar operon (Barbosa & Levy, 2000; Ruiz & Levy, 2010) . It is known to be induced in the presence of low doses of salicylates and other related compounds, and confers intrinsic antibiotic resistance (Cohen et al., 1993; Rosner, 1985) .
MarA has a short half-life in the cell which is modulated via proteolysis by Lon (Griffith et al., 2004) . In cells lacking lon, marA mRNA levels were found to be enhanced (Fig. 3) .
MarA is known to bind to the mar promoter and upregulate its own transcription (Martin et al., 1996) ; therefore, the higher stability of MarA leads to higher transcript levels of marA in the Dlon strain. Thus, the sensitivity of Dlon strains to NaSal is most likely due to the stabilization of MarA in the absence of the proteolytic activity of Lon. Importantly, the induction of marA and its target genes acrA, acrB and tolC was higher with 2 mM NaSal compared with 0.5 mM (Figs 3b and 4b ). Most likely, the extent of MarA induction dictates the NaSal-induced growth reduction in the absence of lon.
Stabilization of MarA in the absence of Lon leads to an increase in the expression of the AcrAB-TolC multidrug Fig. 6 . Possible roles of Lon and its substrate MarA in the response of E. coli to antibiotic resistance and stress in the presence of low and high doses of NaSal. This schematic diagram represents the role of NaSal in WT and Dlon cells in low (0.5 mM) and high (2 mM) doses.
Roles of Lon and MarA in salicylate responses efflux pump (Nicoloff et al., 2006) . In our study, the functional relevance of the stabilization of MarA was established by quantifying antibiotic resistance in the absence and presence of low and high doses of NaSal. The Dlon strain displayed higher MIC values as compared with the WT, DmarA and DlonDmarA strains for nalidixic acid and tetracycline (Table 2 ). The AcrAB-TolC efflux pump is important for the export of a variety of antibiotics and small organic solvent (Okusu et al., 1996; White et al., 1997) . AcrA is an accessory protein and belongs to the membrane fusion protein family (Dinh et al., 1994) , AcrB belongs to the resistance nodulation division family of transporters and TolC forms the outer membrane protein channel (Koronakis et al., 2004) . As the AcrAB-TolC pump is upregulated by MarA, its components might aid in NaSal-mediated growth reduction in the absence of lon. Nonetheless, deletion of one of these genes in the Dlon strain did not rescue growth in the presence of 2 mM NaSal (Fig. S4) . Notably, the increase in antibiotic resistance of the Dlon strain can be attributed to the increased expression of the AcrAB-TolC multidrug efflux pump by the stabilization of MarA (Table 3) .
A subinhibitory concentration of ciprofloxacin induces filamentation in E. coli (Kicia et al., 2012) . We observed that exposure of cells to ciprofloxacin greatly reduced the growth of the DmarA strain, which may be due to the lower induction of multidrug efflux pumps (Duval & Lister, 2013) . Interestingly, the loss of Lon rescued the growth of the DmarA strain treated with ciprofloxacin. Also, upon addition of NaSal, there was a rescue in the growth of the DmarA strain (Fig. 5a) . These results correlate well with the filamentation observed using AFM after 6 h of culture. Treatment with ciprofloxacin resulted in elongated cells in the WT, DmarA and DlonDmarA strains, but not in the Dlon strain ( Fig. 5b , Table 4 ). Most likely, the higher levels of MarA in the absence of Lon led to an increase in the efflux pumps and resistance to ciprofloxacin-induced elongation. Interestingly, treatment with 0.5 mM NaSal rescued the elongated phenotype in the WT and DlonDmarA strains, but a partial rescue was observed in DmarA only with 2 mM NaSal. Consequently, the lack of MarA-mediated induction of the efflux pumps with 0.5 mM NaSal led to accumulation of ciprofloxacin and enhanced cell elongation in the absence of marA. At higher NaSal concentrations, it is possible that non-marA-mediated pathways (Tsilibaris et al., 2006; Chubiz et al., 2012) , e.g. soxS and rob, may be involved in the lower elongation of DmarA cells with ciprofloxacin. Overall, NaSal induces MarA production in the WT strain, leading to higher expression of the AcrAB-TolC pump and efflux of ciprofloxacin. To the best of our knowledge, the rescue of ciprofloxacin-induced filamentation by NaSal, in a marA-dependent fashion, is reported for the first time in this study.
Earlier studies reported that E. coli lon mutants are sensitive to colicin (Lee et al., 2006) , doxycycline (Girgis et al., 2009) and plant oils (Shapira & Mimran, 2007) , but resistant to several antibiotics and organic solvents (Nicoloff & Andersson, 2013; Nicoloff et al., 2007; Watanabe & Doukyu, 2014) . A previous study also revealed that lon mutants display a 40-50 % increase in acrAB transcription and high MarA levels (Nicoloff et al., 2006) . Also, lon mutants confer low antibiotic resistance which is amplified by duplication of acrAB and the abundance of MarA (Nicoloff & Andersson, 2013; Nicoloff et al., 2007) . However, other studies did not detect induction of marA and acrAB in lon mutants (Martin et al., 2008; White et al., 1997) . The reasons for the differences in these studies are unclear. Several of these studies used spontaneous lon mutants which were isolated under conditions that were selective for strains displaying high antibiotic resistance. The use of an isogenic MG1655 background in our study helped us to dissect the role of individual genes and their inter-relationship in NaSal-mediated responses. Addition of NaSal increases marA, acrA, acrB and tolC transcription in both WT and Dlon, but this effect is higher in Dlon as MarA does not undergo proteolytic cleavage. However, excessive addition of NaSal has dual effects. Although it increases antibiotic resistance, it also affects cell survival that is prominent in Dlon (Fig. 6) . Therefore, downregulation of MarA levels by Lon is crucial for cell survival in the presence of excessive amounts of NaSal.
NaSal is predominantly found in the environment in soil, in plants and as a drug in human hosts. It is possible that excess consumption of salicylate may affect the composition of the gut microbiota. These changes may be harmful as they might enable survival of pathogenic bacteria in the gut, upon co-treatment with antibiotics. In a clinical scenario, excessive use of antibiotics led to the emergence of multidrug-resistant strains of various bacterial species. As NaSal is a commonly used analgesic, it would be important to elucidate its role in the evolution of multidrug-resistant bacteria. This study reveals the importance of Lon protease in NaSal-mediated responses where NaSal acts as a double-edged sword: at low doses, it provides resistance towards various antibiotics, whereas at higher doses, it reduces growth. Further studies are required to investigate the proteolytic regulation of MarA under different environmental conditions faced by microbes.
